We propose a three-element Yagi-Uda antenna with an inter-element spacing of 0.025 wavelengths for intelligent transport systems (ITS) in the ultra-high frequency (UHF) band. The Yagi-Uda antenna has a reflector dipole with a transmission line at the center. We show by numerical simulation that the antenna can be placed at the contact limit of a vehicle body with improved performance when the transmission line has a meandering configuration. Further, we show by experiment that the actual gain improves by approximately 2 dB when the antenna is placed near a conducting plate.
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Introduction
In 2012, frequency in the 700 MHz band was allocated for intelligent transport systems (ITSs) to support driving in Japan. Because the allocated bandwidth is narrow, i.e., ∼10 MHz (relative ratio: ∼1.4%), a narrowband antenna is desired to reduce interference from the neighboring frequency bands.
Compactness and robustness against electrical influence from a vehicle (car) body [1, 2, 3, 4] are also important for in-vehicle antennas because the wavelength is approximately 40 cm. In order to ensure flexibility for setting up the antenna, we examine the antenna that can be installed either in the cabin or in the vicinity of the vehicle body.
Structure
A unidirectional antenna is thought to be effective for reducing the influence of a nearby vehicle body [5] . A Yagi-Uda antenna has the advantage of compactness because the radiation in the backward direction can be reduced with a thin reflector without a large ground plate unlike a microstrip antenna (MSA). To make a Yagi-Uda compact in the beam direction, the number of directors is set to one, and the inter-element spacing is narrowed to 0.025 wavelengths [6] . The planar-type Yagi-Uda antennas shown in Fig. 1 are examined because they can be made from a single printed circuit board. Reflectors of Types 2 and 3 have a transmission line of one turn and two turns, respectively. The transmission lines are designed as a reactance of adequate value, and not as part of the dipoles [7] . The center frequency f 0 is set to 714 MHz because the frequency band was around 720 MHz during the early stages of planning frequency allocation. Wavelength λ 0 is 42 cm, which is convenient to the draw design of antennas. Width W of the dipoles is set to a value 0.016667 times the wavelength, i.e., 0.016667 λ 0 = 7 mm. The antenna characteristics are simulated by IE3D moment method software. The thickness and electric conductivity of the conductor are set to 18 μm and 4.9 × 10 7 S/m, respectively. The lengths of all dipoles are optimized for antennas of Type 1, such that the actual (realized) gain G r might become large at 714 MHz using the IE3D function. G r becomes 6.26 dBi when l 0 , l 1 , and l 2 are set to 0.5214λ 0 , 0.4652λ 0 , and 0.4967λ 0 , respectively. The design of the transmission line loaded in the center of the reflector is similarly optimized for antennas of Types 2 and 3. Then, the length of the feed dipole, l 0 , is set to 0.47λ 0 , and the lengths of the parasitic dipoles, l 1 and l 2 , are both set to 0.46λ 0 . G r for a Type 2 antenna reaches a maximum of 6.97 dBi when the values for the turns s and W are 0.0208λ 0 and 0.008333λ 0 , respectively. For Type 3 antennas, G r reaches a maximum of 6.41 dBi when s and W are 0.004738λ 0 and 0.0033333λ 0 , respectively.
Calculated performance
Fig . 1 shows the frequency dependence of directivity G d in the forward direction, 1/M (M is the mismatch loss when the characteristic impedance of the feed line is set to 50 Ω), radiation efficiency η rad , and G r (= G d ·η rad /M ) in the forward direction expressed in decibels. The left-hand side of the figure shows the performance when each antenna is isolated. We find that the frequency bandwidth where impedance matching is good is narrower than where G d is high. Thus, G r can be maintained at a value greater than 6 dBi in a wider frequency band by installing an impedance-matching circuit. However, the narrow bandwidth is an advantage for these antennas because the bandwidth allocated for ITS is narrow. The change in G r is within approximately 2 dB in the bandwidth of 10 MHz. The change in G r becomes more than 2 dB if d is less than 0.025 wavelengths. Further, we find that η rad is sufficiently large even if the inter-element spacing d is narrowed to 0.025 wavelengths.
The proposed antenna can be placed in a cabin or built into a vehicle's bumper because its width (in the direction of the beam) is approximately 2.8 cm. However, the antenna must be placed at a distance less than a wavelength from the vehicle's body because λ 0 is approximately 40 cm. To investigate the influence of a vehicle's body, we modeled the body as an infinite conducting plane and placed the plane on the back side of the beam. The right-hand side of Fig. 1 shows the frequency dependence of G d , 1/M , η rad , and G r when distance h from the center of the feed dipole to the infinite conducting plane is set to 0.075λ 0 = 31.5 mm. The frequency at which η rad deteriorates steeply appears. Near this frequency, G d in the forward direction and 1/M also deteriorate. This is considered to be attributed to the fact that η rad deteriorates and G d changes when the radiation power cancels in some directions. This degradation of η rad is steeper than the degradation for impedance matching, but more gradual than the degradation for G d . The efficiency degradation disappears when the reflector is removed, although it remains even when the director is removed. We find that G d increases by approximately 2 dB in the vicinity of the conducting plane. As a result, G r for the Type 3 antenna increases by approximately 2 dB, even though the increase in G r in the frequency band of 10 MHz is inhibited by the degradation of impedance matching for the Type 2 antenna and by the degradation in η rad and impedance matching for the Type 1 antenna.
The frequency dependence of G r when distance h from the center of the feed dipole to the infinite conducting plane is varied is shown in Fig. 2 . We find that the frequency where G r deteriorates is lower than the design frequency of 714 MHz, and it increases as h becomes smaller. G r reaches the target frequency band of 10 MHz bandwidth for Type 1 and 2 antennas. The actual gain degradation frequency for a Type 3 antenna is low and becomes smaller just before the antenna contacts the conducting plane. Therefore, a Type 3 antenna does not exhibit any significant deterioration in G r in the Fig. 1. Calculated frequency dependence of G d , 1/M , η rad , and G r . target frequency band, even when approaching the conducting plane to the contact limit. (The contact limit is defined as when the distance h from the conducting plane to the antenna reaches 0.1 mm.) Type 3 antennas can be applied to more wideband systems because the bandwidth where G r is greater than 6 dBi increases.
Fig. 2.
Calculated frequency dependence of the actual gain G r with distance h from the infinite conducting plane (λ 0 = 42 cm).
Experiment
A prototype of an antenna with a Type 3 antenna was developed because it has the highest robustness to signal degradation in proximity to the conducting plane. The antenna was fabricated by etching a 0.127-mm-thick circuit board (dielectric substrate is Teflon, ε r = 2.2 and tan δ = 0.0006). The antenna size was slightly modified when considering the dielectric substrate. Fig. 3 (a) shows the radiation patterns when the antenna is isolated, compensating for the loss of a balun transformer and coaxial cable approximately 50 cm in length. The antenna exhibits a unidirectional directivity with a maximum G r of 4.6 dBi and a front-to-back (FB) ratio of approximately 10 dB at 710 MHz. The numerical results are indicated with a solid line and show a maximum G r of 6.4 dBi and an FB ratio of approximately 14 dB. Thus, the measured gain and FB ratio are approximately 1.8 dB and 4 dB lower, respectively. Scattering caused by the feed cable and measurement equipment must be one cause of gain degradation because the asymmetric measured patterns suggest that the measurement was not free from scattering. The actual gain patterns when a 75 cm × 38 cm iron plate used as a model for a vehicle body was set up a distance h from the center of the feed dipole are shown in Figs. 3 (b), (c), and (d) . G r exhibits the highest value of 7.5 dBi at 705 MHz when the iron plate is placed 1.6 cm from the feed dipole. The presence of the iron plate increases the value of G r by approximately 2 dB at the maximum. This result agrees well with the numerical results. Fig. 3 . Measured actual gain and its dependence on frequency when the antenna is isolated and in proximity to a conducting plate.
Conclusion
We proposed a three-element Yagi-Uda antennaloaded with a transmission line as a reactance in the central part of its reflector for ITS. The antenna is compact with a width of 2.8 cm and has a G r of more than 6 dBi. In addition, the antenna has a narrowband property that is convenient for ITS in the ultra-high frequency (UHF) band. The Yagi-Uda antenna can be placed on a vehicle body up to the contact limit with increased G r and bandwidth when the line has two turns. This is because degradation of η rad is lower in the target frequency band. A gain enhancement of approximately 2 dB in proximity to a conducting plate is experimentally verified.
